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ABSTRACT 

Jet noise during the lift-off of a launch vehicle is complicated by the simultaneous flow of multiple 
jets, and their deflection by jet deflectors. Further, the presence of the launch pedestal, the service 
structure, and the moving vehicle itself, act as reflecting surfaces, which contribute to the noise 
environment. The present work involves the suppression of noise as measured at different parts of 
the launch vehicle in a small-scale replica of a full launch pad, for different locations of the vehicle 
along its vertical lift-off trajectory. The primary source of noise is the two jets emerging from the 
base of the launch vehicle at a Mach number of 3.38. Noise is suppressed by water injection at 
different locations in the launch pad such as the upstream and downstream edges of the jet deflector 
cover-plate, bottom and top of the launch pedestal, and at two different locations on the service 
structure. The effect of staged injection of water, i.e., without and with injection at different heights 
relative to the position of the jets, as the vehicle is at different locations in its trajectory, is examined. 
It is found that sustained suppression of noise is obtained only with injection of water in successive 
stages closer to the nozzle exit, as the jet position is moved up. The effect of angle of injection of 
water is investigated to verify previously reported results that an injection angle of 60°, i.e., along 
the flow, is superior to injection at 90° to the jet. The effect of injection pressure shows an optimum 
that supports the effective atomization of the injected water jets into droplets due to shear by the 
gas jet flow. Investigation with hot jets shows increased noise levels by at least ~2 dB relative to cold 
jets of nearly the same nozzle-exit Mach number. However, an increased reduction of noise by 
water injection is apparent with hot jets. The reduction is nearly independent of the jet temperature 
in the 600-900 K range. The present results collectively confirm the qualitative applicability of 
different previous studies on single free jets to the complicated launch vehicle noise scenario. 
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1. INTRODUCTION 

Imperfectly expanded supersonic jets are known to emit noise due to both jet mixing 
and shocks. Tam et al. [1] have identified the two major components of the mixing- 
related noise as one due to the large-scale turbulent structures/instability waves, and the 
other from the fine-scale turbulence. The former is highly directional along the flow 
direction, whereas the latter is only weakly directional. Based on the directionality as 
well as the temperature scaling, Viswanathan [2] has recently shown that it is possible 
to distinguish the jet mixing noise and filter it from the observed total spectra to obtain 
the typically broadband shock-related noise. 

Most of the above understanding on the basic nature of noise related to the different 
sources in imperfectly expanded supersonic jets has been obtained from extensive 
studies on single free jets, as applicable in typical aircraft engine exhaust applications. 
The context of the present work, however, is the noise field during the lift-off of a space 
launch vehicle, and its suppression. Unlike in the aircraft engine and other frequently- 
encountered jet noise situations, the suppression of launch vehicle jet noise is not as 
much from an environmental pollution viewpoint. The interest here is to protect the 
payload and guidance and navigational electronic structures on the vehicle itself from 
excessive noise during its launch. 

Advanced launch vehicles of the present day involve large multiple jets, typically two 
large jets from strap-on rockets, possibly along with one or two relatively smaller jets in 
between. Figure 1 shows a typical launch configuration. The vehicle lifts off a launch 
pad, which consists of a launch pedestal, jet deflectors beneath the pedestal, and a 
relatively tall service structure beside the pedestal. The launch pedestal contains cut-outs 
through which parts of the jets may flow during the initial launch phase. The tops of the 
jet deflectors are partially covered with nominally flat cover-plates. This situation 
presents many complicated possibilities vis-a-vis the jet noise environment: (1) The 
interaction of multiple hot jets of relatively high Mach number in producing the total 
noise; (2) the launch pedestal, jet deflector cover-plates, and the service structure pose 
as significant reflectors of sound; (3) the deflected jets flow sideways, and remain as a 
significant source of sound directed at the vehicle; and (4) the movement of the vehicle 
against the stationary structures in close proximity causes changing predominance of 
different mechanisms of noise production. For instance, the protruding rims of the 
nozzle cut-outs in the launch pedestal could pose as edges that could potentially cause 
tones as opposed to broadband noise, as the nozzle just clears the cut-out. 

The above multiple complexities are addressed by many investigators, albeit separately. 
Panickar et al. [3] have studied the noise from the interaction of jets from twin beveled 
rectangular nozzles either facing towards or away from each other, as the distance between 
the jets is varied. They have reported that the jets facing each other exhibit enhanced 
interaction. Recently, Bridges [4] has shown that the sources of jet noise are identical in 
both hot and cold jets, if the appropriate length of the potential core is factored in for the 
hot jets. Kandula and Vu [5] have considered deflection of a single cold jet by a J-deflector 
and examined the effect of closure of the deflector on the generated noise levels. Krothapalli 
et al. [6], Thurow et al. [7], Loh [8], and Vamier and Raguenet [9], are some of the few that 
have examined the situation of noise from a jet impinging on a plate. From these 
investigations, it can be summarized that the sound level increases due to the presence of the 
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plate and would be even stronger with edged obstacles due to impingement of subsonic jets. 
However, there is a possibility of mild reduction in sound levels due to impingement on the 
plate by supersonic jets. Soderman [10) reports that discrete tones are not observed in hot 
impinging jets from aircraft, unlike in laboratory-scale impinging jets, as reported in the 
review by Rockwell and Naudascher [11] on discrete tones by flow past cavities. While 
impingement of the jet on a plate spreads the deflected flow in all directions, the jet 
deflectors in a launch pad deflect the jet typically in two specific directions. The flow along 
the jet deflectors is very likely to maintain its stmctures that produce noise. In fact, Kandula 
and Vu [5], and Gely et al. [12J have shown that an extended covering of the jet deflector 
actually decreased the noise levels during the lift-off of a launch vehicle. This indicates the 
significance of the noise sources from the deflected jets. 

Many passive control strategies have been suggested for reduction of supersonic jet 
noise. Some of these are injection of coaxial jets to prevent the formation of Mach waves 
[13], directional suppression by injection of an asymmetric parallel secondary stream to 
attenuate the Mach waves [14], or appropriate shaping of the nozzle lip [15]. However, 
with space launchers, the problem is to suppress the noise levels for a given vehicle 
configuration lifting off a given launch pad, with little room available for modification 
of the nozzles and the flow field emerging from them. In view of this, injection of water 
is most commonly adopted for many advanced launch vehicles, the world over. 

Several investigators, such as Washington and Krothapalli [16], Zoppellari and Juve [17], 
Marchesse et al. [18], Krothapalli et al. [19], and Norum [20], have examined water 
injection as a means to suppress jet noise, but mostly from single free jets. The major 
findings of these studies are: (1) the water injection clearly disrupts the shock noise 
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sources; (2) the injection should be very close to the nozzle exit plane, within the length 
of the potential core; (3) the optimum location of injection could shift away from the 
nozzle exit for heated jets so as to target the Mach disc; (4) the water droplets need to 
be completely entrained in the jet, with the optimum angle of injection being 60° from 
the jet axis; and, (5) the reduction in the sound levels due to water injection does not 
significantly depend on the jet temperature, in the elevated temperature range. 

Based on the above findings, it seems important to continue to inject water closer to 
the nozzle exit, even as the launch vehicle moves upward along its trajectory during its 
lift-off. The presence of the service structure in the launch pad, which would otherwise 
pose as a noise-reflecting surface, could be exploited to also serve water for injection 
successively at higher elevations as the vehicle clears those elevations. This has not been 
attempted in practice, but it offers the possibility of using less water for more effective 
damping by such staged injection. So, one of the major objectives of the present work 
has been to examine the efficacy of staged injection of water at successive elevations 
that the launch vehicle clears during its lift-off. 

A small-scale launch vehicle with two exhaust jets separated by a distance is tested at 
different elevations from a typical launch pad, also scaled down proportionately. As part of 
the water injection scheme, water is injected at the downstream and upstream edges of the 
jet deflector cover-plate, bottom and top of the launch pedestal, and at two elevations on the 
service structure. The details of these injection configurations are given in the next section. 
While injection at the first three locations is always operated, the last three are successively 
turned on at different positions of the launcher along its lift-off trajectory. Other important 
parameters such as the water pressure, injection angle at bottom and top of the pedestal, and 
the temperature of the heated jet as opposed to that in cold flow, are also varied in the 
present study. This is to examine if the findings of their effects reported in the previous 
works on single free jets are applicable to the launch vehicle lift-off environment with all 
its attendant complications, as detailed above. The locations of the measurements made in 
the present study are confined to different critical locations on the launch vehicle only, 
except one far-field reference location. This is because the sole objective of the present 
work is to evaluate and suppress the noise experienced by the vehicle itself. 

2. EXPERIMENTAL SET-UP AND INSTRUMENTATION 

The experiments were carried out in an open jet environment, without any obstructions 
within a radius of approximately 25 m from the set-up. The set-up consists of a miniature 
model of a launch pad, i.e., the launch pedestal, the jet deflectors with their partial cover- 
plates, and the service structure, and the launch vehicle. Figure 2 shows the schematic of 
the set-up in two views. Any acoustic treatment has been avoided to take the reflected 
sound waves into account in the noise measurement. The vehicle consists of two 
convergent-divergent (C-D) nozzles with 15° conical divergence and 30.8 mm exit diameter 
(D ), conforming to an area ratio of 6.06. This geometry is designed to provide an over- 
expanded jet of exit Mach number 3.38 in the cold flow experiments, with a measured exit 
pressure P e = 0.41 bar. The stagnation pressure P o = 26.6 bar and stagnation temperature 
T = 303 K for such a jet. Flow is supplied to the nozzles through the core supply duct, to 
which their stagnation chambers are strapped on. Nitrogen is used as the working fluid in 
these experiments, from a compressed gas source at 300 bar. The vehicle model is designed 
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Figure 2: Schematic of the experimental test set-up. 



































































































228 


Suppression of jet noise by staged water injection 
during launch vehicle lift-off 


Table 1: Flow properties at different jet temperatures. 


Stagnation temperature (T 0 K) 

600 

900 

1200 

303 (cold) 

Area ratio (AJAj) 


6.06 



Nozzle exit temperature ( T e , K) 

222 

348 

488 

93 

Nozzle exit velocity (V , m/s) 

933 

1148 

1329 

655 

Chamber pressure ( P 0 , bar) 

23 

21.5 

21 

26.6 

Nozzle exit pressure (P , bar) 


0.41 



Ratio of specific heats (y) 

1.330 

1.316 

1.300 

1.400 

Exit Mach number (MJ 

3.21 

3.17 

3.12 

3.38 

Discharge coefficient ( C d , kg/Ns) a 

1.62 x 10- 3 

1.32 x 10- 3 

1.13 x 10- 

- 3 2.28 x 10- 3 

Throat area (A ( , mm 2 ) 


123 



Gas mass flow rate (rii, kg/s) 

0.917 

0.698 

0.616 

1.476 


a C 


d 


1 7 [2/(7 + p] (y+1)/(y ~ 1) 

1 RT o 


, where R is the specific gas constant = 296.96 J kg 1 K ’. 


for undisturbed internal flow, and can withstand temperatures up to 1200 K without 
external cooling. The heated gas for the hot flow experiments is provided by a gas 
generator burning an appropriate mixture of kerosene and air, which is acoustically isolated 
from the inlet to the set-up. The gas generator provides a maximum flow of 2 kg/s over a 
temperature range of 600-1200 K at a maximum pressure of 30 bar. The operating 
conditions and corresponding flow properties at different jet temperatures are listed in Table 
1. Since the ratio of specific heats varies only slightly across the different conditions, the 
use of nitrogen and combustion products of kerosene-air burning closely represent 
the conditions of air flow, considering that the nozzle-exit conditions are maintained nearly 
the same. The set-up has been designed and built with provision to hold the vehicle at 
different elevations to simulate its lift-off trajectory. The nozzle exit plane at the pre-launch 
position of the vehicle is taken as the reference for the positions of the vehicle, L, 
subsequent to the commencement of its launch, and for the different water injection 
locations, detailed later. The location of the vehicle is varied in the range of 0 < L ID e < 20. 

Water injection is basically from a pressure-fed system using compressed nitrogen 
gas. A water tank of 4000 litres capacity is pressurized to obtain various water injection 
pressures from 1.5 to 7 bar. In the baseline configuration, water is injected at various 
locations in the set-up, in the form of (Figure 3): (1) straight ducts with orifices oriented 
at 90° to the flow, along the downstream and upstream edges of the cover-plates of the 
jet deflectors; (2) two toroidal rings, each with 4 orifices of 3.5 mm diameter each, at 
90° to the jet axis, beneath the nozzle cut-outs in the launch pedestal at -1.5/9 from the 
reference position mentioned above; (3) a bank of 20 bent pipes with nozzle ends 
pointed at 90° to the exhaust jets from the vehicle, above the launch pedestal along two 
of its sides (10 on each side) at 1 D e from the reference position; (4) a two-tier water 
injection manifold on the service structure with 8 orifices of 2.1 mm diameter each at 
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Figure 3: Details of the multiple water injection system on launch pedestal and 

service structure. 


3.5 D e and ID above the reference position. Water injection at the first two locations is 
always deployed, when noise suppression is explored. Water injection at the third 
location is triggered for all locations of the vehicle LID e > 2. As for the fourth location, 
the manifolds at 3.5 D e and ID e are triggered for the vehicle LID e > 4 and LtD e > 8 
respectively. The total mass flow rate of water at all the injection locations together is 
varied in the range of ~2-5 times the combined mass flow rates of the gas flow from the 
two nozzles. The corresponding range of water injection pressure is 1.5-7 bar. This is 
split approximately as 35-40% at location 1 above, and 15-25% each at locations 2 and 
3, and ~20% at location 4 (-10% each at the two tiers in location 4). The same injection 
pressure is sensed at all injection locations in a given test. Modifications to the above 
baseline were effected at locations 2-4 only to examine the effect of injection at 60° to 
the jet axis. In location 2, besides the change in the orientation of the orifices, the 
number of orifices was increased from 4 to 8. The injection at location 3 was performed 
from a bi-toroidal manifold with a total of 32 orifices at 60° inclination. The number of 
orifices at location 4 was doubled. 

Sound pressure level is measured with pressure and random-incidence type 
microphones of 1/8” size (model 4138, B&K make) at 6 locations on the vehicle model 
and at one far-field location. The locations on the vehicle are marked as L1-L4, SI, and 
S2 in Figure 2. The choice of the locations on the vehicle model is dictated by the 
critical nature of the components in the practical flight hardware at those locations 
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rather than any aero-acoustic considerations. However, measurements are made on the 
side of the launch vehicle away from the service structure because the jet deflectors are 
oriented away. The jets flowing through them are potential noise sources to which 
the front face of the launch vehicle is predominantly exposed. The microphones have a 
relatively flat frequency response up to 140 kHz and sensitivity around 0.45 mV/Pa rms. 
Data is acquired at a sampling rate of 512000 samples per second from each 
microphone, using an NI-PXI-6115 analog-to-digital converter card. Typically, data of 
1 s duration obtained without or with water injection is separately selected at random 
from the full dataset for spectral processing. This allows a fast Fourier transform (FFT) 
of 8192 points over 62 subsets. The results are averaged over the 62 subsets covering the 
entire 1 second duration, to reduce the random error in the determination of the 
amplitude. The resulting narrowband spectrum has a spectral resolution of 62.5 Hz. For 
the stagnation pressure measurements, standard strain-gauge type transducers of Druck 
make are used. Stagnation temperature is measured using a K-type thermocouple 
specially designed to withstand high pressure. 

3. RESULTS AND DISCUSSION 

Most of the results presented below are on cold jets, except those in the last subsection, 
where the results with hot jets and water injection on them are compared with those with 
cold jets and their corresponding water injection case. The approach in the present work 
is mainly to assess the noise levels on the vehicle for different locations of the vehicle 
and the reduction in noise levels with water injection. No attempt has been made to 
distinguish different physical mechanisms of noise generation in the present work, 
except to refer to past literature on single jets that show similar trends and discuss 
potential noise sources in that situation. 

3.1. Effect of L/D e variation on the noise level 

Figure 4 shows the variation of the overall sound pressure level (OASPL) measured at 
the location L2 on the vehicle as a function of the vehicle location, LID , under cold 
flow conditions. Looking at the OASPL without any water injection first, it can be seen 
that the noise level increases somewhat monotonically with increase in the vehicle LID e . 
ML ID = 0, the nozzles are submerged within the cut-outs of the launch pedestal, and 
the jets impinge on the slant portions of the jet deflectors, and get deflected sideways 
along their channels. So, most of the noise incident upon the vehicle surface is from the 
deflected jets, mainly emerging past the cover-plates on the jet deflectors. At this vehicle 
location, the contribution due to the deflected jets alone is clearly seen to be significant. 
At LID e = 1, the nozzle exits just clear the protruding rims of the cut-outs in the launch 
pedestal. There are no noticeable maxima near LID = 1 signifying any appreciable 
impingement tone. The spectral contents at this vehicle location (not shown here) do not 
show sharp peaks at specific frequencies but a low-frequency hump, relative to those at 
the other locations of the vehicle. This scenario prevails up to LID ~ 6-8, by which 
distance, bulk of the jet impinges on and spills over the launch pedestal instead of 
flowing through the cut-outs into the jet deflectors. As the vehicle moves up further, 
sound emitted from different locations in the launch environment become more 
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□ No injection 

—No service structure injection 


-©— Service structure injection at 3.5De & 7De 



Figure 4: Effect of service structure water injection scheme. 


perceptible to the measuring location. The OASPL levels off beyond an LID =10, and 
starts to decrease thereafter. The narrowband spectra of the noise recorded at the LI 
measurement location, when the vehicle is at LID = 10, is shown in Figure 5. The range 
of Strouhal number corresponding to the range of frequencies shown in this figure is 
0.004-4.7. Although no attempt is made to segregate the different noise sources, it can 
be surmised that most of the noise in the low-frequency range is predominantly 
associated with the shock cell structure in the jets [1,2,20,21], This is deduced from the 
fact that the measurement location is upstream of the nozzle exits. A part of the noise is 
also contributed by the large-scale flow structures in the deflected jets flowing 
sideways, as seen earlier. 

3.2. Effect of water injection at multiple locations 

Turning to the curves in Figure 4 corresponding to the OASPL with water injection as 
the vehicle LID c is varied, a reduction of 2-3 dB with water injection at various locations 
can be observed. At L/D e = 0 and 1, water injection only at locations 1 and 2, i.e., 
at the downstream and upstream edges of the cover-plates on the jet deflectors, and the 
bottom of the launch pedestal (baseline configuration), are operational. The reduction 
obtained from injection at these two locations is about 2 dB, and the sound level 
increases as the LID e increases from 0 to 1, just as the case without any water injection. 
But, when the vehicle is at L/D e = 2, water injection is triggered at location 3, the top 
of the launch pedestal (baseline configuration), and this yields a greater reduction in the 
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Frequency (Hz) 


(a) No service structure water injection 



Frequency (Hz) 


(b) With service structure water injection 

Figure 5: Effect of service structure water injection on the broad band spectrum 

(sensor location: LI). 

OASPL of ~3 dB. With this injection scheme unaltered, the reduction level of nearly 3 
dB at LID e = 2 is progressively eroded to less than 2 dB as the LID e reaches 12. 
Therefore, additional water injection in a two-tier fashion is explored from the service 
structure, even as the previous water injection is retained. 

As mentioned earlier, the injection at the elevation of 3.5 D is triggered for vehicle 
LID e > 4, and that at ID e is triggered for vehicle LID e > 8. Figure 6 shows photographs 
of the water injection from the first tier of the service structure at 60° inclination to the 
vertical, without and with the gas jets from the vehicle nozzles. The water flow is doped 
with potassium permanganate for improved contrast. Without the gas jets (Figure 6a), 
the water jets issuing from the service structure merely cut across beyond what would 
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(a) Water injection system operational 
in absence of supersonic gas stream 



(b) Water injection system operational 
with supersonic gas stream 

Figure 6: Water injection system in operation. 


be the width of the jet. In the presence of the gas jets, it is clearly observed in Figure 6b 
that the water jets penetrate well close to the axis of the gas jets. In turn, bulk of the 
water flow is deflected by the gas jets towards the exhaust cut-outs on the launch pad. 
However, water jets can be deployed at the noise-producing gas jets only from a 
distance in the launch environment, unlike in works such as that of Krothapalli et al. [19], 
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where water was injected quite close to the gas jet. In that work [19], for instance, the 
water jets were issued through small orifices to emerge as droplets of specific size in 
the pm range, and were referred to as micro-jets. Interestingly, this offers the possibility 
of enhanced noise mitigation, since the shearing of the water jets into droplets causes 
further momentum loss to the gas jets than would be experienced by them if they 
needed to merely entrain pre-atomized droplets. The extent of this contribution is a 
matter for further investigation. 

Returning to Figure 4, it can be seen that injection at the 3.5 D elevation is not 
effective for the vehicle at LID = 6, but a significant reduction is observed as the vehicle 
is elevated to LID e = 8. A further reduction is observed with additional injection at the ID e 
elevation for the vehicle at LID > 10. A consistent reduction level of 3 dB is 
maintained for all the subsequent vehicle positions, with the combined injection of 
water at all the locations considered. The ineffectiveness of the first tier water 
injection in the service structure is due to the competing effects of an increasing noise 
field as the LID is increased versus an insufficiency of the amount of water with only 
one-tier injection. 

Figure 5 also shows the narrowband spectra of noise recorded at the LI location on 
the vehicle due to the two-tier water injection at the service structure, when the vehicle 
is at LID = 10. Firstly, it can be seen that the reduction obtained due to water injection 
anywhere in the flow field is significant mainly in the low frequency range. This 
confirms the role played by entrainment of water droplets by the gas jets, reported in 
many previous studies on single jets. Secondly, the injection at the service structure 
clearly extends the low-frequency range of enhanced suppression of noise relative to the 
level without water injection anywhere in the flow. This action is mainly on the shock- 
associated noise, which appears to be clearly dominant and effectively suppressed for 
higher elevations of vehicle location and water injection. The extended low-frequency 
range of noise suppression with injection from the service tower is crucial as it would 
scale to the full frequency range of practical interest in the case of the full-scale vehicle, 
based on Strouhal scaling. 

3.3. Effect of water injection pressure 

Fligh injection pressure of water jets is usually considered to be more conducive for a 
greater extent of atomization, but it could also result in the water jets penetrating across 
the gas jets before appreciable atomization. In fact, if the water-jet penetration is limited 
to the core of the gas jet, more or less, then the shearing of the water ligaments by the 
gas jet would indeed aid in the atomization. In turn, this would cause a greater 
momentum loss to the gas jet, which would further contribute to the noise reduction, as 
mentioned earlier. Thus, an optimal pressure of water injection should exist for a given 
scale of the set-up. As the scale of the set-up is increased, usually the orifice size is not 
proportionately increased in the interest of atomization. In such a scenario, the water 
injection pressure should scale to provide a greater length of penetration between the 
edge of the launch pedestal and the core of the gas jets, for instance, before appreciable 
atomization takes place. Therefore, the water injection pressure is a crucial parameter in 
the present study. 
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Figure 7 shows the spectra observed at the L2 measurement location on the vehicle 
when it is at LID e = 1. Here, only the water injection is deployed at the edges of the jet 
deflector cover-plate and the bottom of the launch pedestal (baseline configuration). 
The figure shows data for 5 different injection pressures, compared with the no¬ 
injection cases recorded just prior to commencement of water injection in each of the 
runs. It can be clearly seen that, beyond 8 kHz, higher injection pressure (7 bar) 
provides more reduction even up to 100 kHz when compared to a lower injection 
pressure (1.5 bar). However, in the mid-frequency range, the noise level with the water 
injection is actually higher than that without any water injection, for high injection 
pressures. As the injection pressure is progressively reduced, this disparity is gradually 
reduced without alteration in the trend of effective noise suppression over the other 
frequency ranges. This basically widens the low-frequency range of noise suppression, 
which was earlier considered to be associated with the shock cell structure being 
effectively disturbed by the water injection [20]. In the present work, for highly over- 
expanded jets, Figure 6 shows a dramatic deflection of the water injected from the 
service structure, clearly indicating the possibility of the shock cells being disturbed. 
In addition, the water injection at the jet deflector cover-plates also influences 
reduction in the mixing noise of the deflected jets, leading to suppression over a wider 
low-frequency range. However, since the present study has not focused on noise 
reduction with respect to specific mechanisms of noise sources, further studies are 
required to clearly demonstrate the physical effects of water injection in effecting 
the observed reduction. 

To examine the effect of water injection pressure at different positions of the vehicle 
and corresponding additional deployment of water injection at higher elevations, the 
OASPL is plotted in Figure 8. Note that the OASPL with water injection is always less 
than that without any water injection, regardless of the water injection pressure. This 
conceals the increase in the SPL in the mid-frequency range at higher water injection 
pressure observed in Figure 7. Figure 8 shows a very effective decrease in the OASPL 
at LID = 2 when the injection location 3 above the launch pedestal is triggered on, for 
the lowest water injection pressure tested. This confirms that high injection pressure is 
not always conducive for noise suppression. For LID > 2, the effect of water injection 
pressure on OASPL reduction level is marginal, and the trends unclear, with the lowest 
water injection pressure giving the lowest noise level only at some vehicle locations. 
But, it is only marginally lower than that with higher injection pressures. Within the 
range of variations observed, the water injection pressure appears to be subtly related to 
the exact location of injection relative to the different flow features in the gas jets that 
act as noise sources. It must be noted that the two-tier water injection from the service 
structure (location 4) is at a farther distance from the vehicle nozzles than that from the 
top of the launch pedestal (location 3). So, the same injection pressure would not 
be optimal for different locations of water injection. 

Since, in the present water injection scheme, the injection pressure directly controls 
the mass flow rate of water, the water mass flow rate at a lower injection pressure is 
lower in proportion to the gas mass flow rate. Thus, with an injection pressure of 2.5 
bar, for instance, the ratio of mass of water to gas flow rate is reduced to about 2.3, 


SPL (dB) SPL (dB) 
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Figure 7: Influence of water injection pressure over the entire spectrum at LID e = 1 

(sensor location : L2). 
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Figure 8: Effect of water injection pressure (P ( . .) variation on OASPL. 


which gives a better noise reduction than the mass ratio of ~5 at 7 bar. In the full-scale, 
even if the water injection pressure and the mass flow rates are increased, the gas mass 
flow rate would proportionately increase. A staged water injection system, therefore, 
seems to offer better reduction at a low mass flow rate ratio of water to gas than all the 
injection confined around the launch pedestal, as conventionally adopted with most 
advanced launchers so far. 

3.4. Effect of injection angle 

Previous works [18-20] on single jets have shown that for an over-expanded jet, the 
optimum reduction of sound level in the upstream direction is achieved by injecting 
water at an angle of 60° instead of 90° to the jet axis. In the present study, this aspect is 
investigated by altering the baseline configuration of injection at locations 2-4 (all 
except at the edges of the jet deflector cover-plates). Figure 9 shows the difference in 
the two angles of injection in terms of reduction in OASPL as a function of the vehicle 
position, with all the injection locations operated accordingly. It can be seen that a 60° 
injection of water significantly improves the noise reduction in the 2 < LID e < 6 range, 
over the 90° injection. This is particularly so with the injection from the top of the 
launch pedestal (location 3) operated for LID > 2. It should be noted, however, the 
bi-toroidal ring had to be held well above the pedestal to inject water from all sides at 
the 60° angle to converge at the rim of the cut-outs in the pedestal. 
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Figure 9: Effect of water injection angle (a,- ■) variation on sound reduction level 

(SRL). 

3.5. Hot flow experiments 

Hot jets are expected to exhibit a stronger noise directivity [20] and variation in the 
amplitude spectra relative to cold jets. For the same Mach number as the cold jet, a hot 
jet has a higher exit velocity, which amplifies the jet mixing noise in the low-frequency 
range, with its associated directivity. Hence, the influence of hot jets at different elevated 
temperatures is also examined in the present study. Figure 10 shows the OASPL variation 
with vehicle position, comparing hot ( T g = 600 K) and cold jets, with and without water 
injection at 2.5 bar injection pressure. It can be seen that the hot jet registers a noise level 
of ~2 dB higher than the cold jet, in general. Injection of water at the jet deflectors and 
the launch pedestal (for LID, < 2) effects a reduction of noise from the hot jet to the same 
level as the reduced level with the cold jet. This gives the impression of a greater level of 
noise reduction by water injection with the hot jet. For higher LID , the water-injected 
hot jet noise is higher than that with the corresponding cold jet, although the gap narrows 
as the LID approaches 10. This is due to the continued injection from the service 
structure with increased elevation of the vehicle. Water injection farther from the nozzle, i.e., 
greater elevation of the vehicle relative to the two tiers of injection at the service structure, 
provides greater reduction of noise, as shown in previous studies [17]. 

Finally, the effect of jet temperature on the sound reduction level is plotted in Figure 11. 
It is seen that the same level of reduction is obtained across the temperature range of 
600-900 K, within the range tested, as reported previously [18]. 






aeroacoustics volume 7 • number 3&4 ■ 2008 


239 



Figure 10: Cold and hot flow comparison without and with water injection of 
P„.= 2.5 bar. 



Figure 11: Effect of hot gas temperature variation on sound reduction level (SRL) at 
L/D e = 2. 
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4. CONCLUSIONS 

To summarize, it has been possible to identify three phases during the lift-off of the 
launch vehicle by simulating its initial trajectory, from the point of view of noise generation. 
The initial phase is when the jet gets deflected by the exhaust duct (LID < 4). The second 
phase is when the jets impinge prominently on the top surface of the launch pedestal and 
spill over. The third phase is the nearly free twin-supersonic jets emanating out of the 
nozzles (LID > 20). During the transition between these phases, the orientations of the 
different regions of the jet emitting noise keep changing relative to the measurement 
locations. The spectra for the various lift-off phases without and with water have been 
investigated. In the initial lift-off phase, the jet mixing noise from the deflected jets is 
prominent, whereas, the shock-associated noise attains prominence during the 
subsequent phases. As the vehicle lifts off the launch pad, the relative water injection 
location plays a key role in the noise reduction strategy. Water injection near the nozzle 
exit needs to be sustained, so as to affect all the noise sources - both the high-frequency 
and low-frequency sources simultaneously. Due to this reason, for effective suppression 
during the full course of lift-off, up to clearing of the service structure, the additional 
two-tier of water injection from the service structure is required. These additional 
locations augment the injection near to the nozzle exit for higher LID of the vehicle. At 
these locations, the prominence of the shock-associated noise is effectively attacked by 
injection of water aimed at disturbing the shock cell structure. The 60° injection scheme 
seems to be more effective in noise reduction in the second phase of the lift-off when 
compared to the 90° injection scheme. At the scale of the set-up tested, a lower water 
injection pressure gives a greater noise reduction, which indicates the effectiveness of 
atomization of the water jets into the gas jets by the latter. The hot jet experiments 
suggest that the jet temperature does not significantly affect the noise reduction process, 
as observed previously with single jets. On the whole, the present study affirms many of 
the past investigations performed independently to study the different effects on single 
free jets when applied to the complicated scenario of a launch vehicle lift-off. 
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